Abstract. The objective of this study is to investigate the effect of lipolysis on the release of poorly watersoluble drug from SMEDDS in the perspective of drug core/shell location. For this purpose, four SMEDDS formulations with various core/shell properties were developed based on long-chain lipid or medium-chain lipid as well as different surfactant/oil ratios. Poorly water-soluble drugs, hymecromone and resveratrol, were significantly solubilized in all SMEDDS formulations and the diluted microemulsions. Fluorescence spectra analysis indicated that hymecromone was mainly located in the shell of microemulsions, while resveratrol was located in the core. The effect of lipolysis on the release rates of drugs with different core/shell locations were investigated by a modified in vitro drug release model. For the drug located in the shell, hymecromone, the release profiles were not affected during the lipolysis process and no significant differences were observed among four formulations. For the drug located in the core, resveratrol, the release rates were increased to various degrees depending on the extent of digestion. In conclusion, the drug core/shell location plays an important role for determining the effect of lipolysis on drug release from SMEDDS formulation.
INTRODUCTION
Oral route is the most convenient and acceptable method of drug delivery. However, oral administration of poorly water-soluble drugs is hampered, owing to their low solubility in aqueous solution. It is estimated that over 40% of new chemical entities identified by high-throughput screening are poorly water-soluble (1) . The release of these compounds from the dosage form is the limiting step in the absorption process (2) . Hence, formulation strategies for enhancing solubility and dissolution rate of poorly water-soluble drugs are developed to improve the oral bioavailability, e.g., micronization, solid dispersion, and cyclodextrin.
Much attention has been focused on microemulsion and self-microemulsifying drug delivery systems (SMEDDS) in the last two decades due to the successful commercialization of Neoral® (cyclosporine A), Norvir® (ritonavir), Fortovase® (saquinavir), and Agenerase® (amprenavir) (3, 4) . SMEDDS is a preconcentrate of microemulsion containing drug, oil, surfactant, and co-surfactant. It forms isotropic and thermodynamically stable microemulsions in the gastrointestinal tract under gentle digestive motility (5, 6) . Poorly water-soluble drugs, especially lipophilic drugs, are significantly solubilized in SMEDDS and the diluted microemulsions. Furthermore, they could be solubilized in the hydrophobic core (the oil phase and the palisade layer of surfactant) or the hydrophilic shell (the hydrophilic head group layer of surfactant) of the formed microemulsions (7) (8) (9) .
As the first limiting step before absorption, drug release is significantly improved by SMEDDS due to the large interfacial surface area. Many studies have demonstrated that enhanced drug release from SMEDDS could improve the bioavailability (6, (10) (11) (12) (13) (14) (15) . However, SMEDDS is digestible and undergoes complicated structural changes in the gastrointestinal tract. This might lead to a difference between in vitro drug release and in vivo drug release and hence results in the failure of predicting the bioavailability. Generally, pancreatic lipase hydrolyzes triglycerides of SMEDDS into fatty acids and 2-monoglycerides. Then the lipolytic products form into mixed micelles and other intermediate phases, such as vesicle, lamellar liquid crystalline, and hexagonal liquid crystalline (16) (17) (18) (19) . During the process, drug in SMEDDS is not only dissolved into the aqueous phase, but also incorporated into the intermediate phases and the mixed micelles. Theoretically, the breakdown of SMEDDS and the generation of other phases would inevitably change the drug release profile. Confirming the effect of lipolysis on drug release is essential for understanding the fate of drug in the gastrointestinal tract and predicting the in vitro-in vivo correlation. Unfortunately, information concerning the relationship between the degree of digestion and the drug release from SMEDDS is limited. Some researches demonstrated that the release of poorly water-soluble drugs from lipid-based formulations showed various performances under digestion: the dissolution rate might be improved, decreased, or unchanged compared with the undigested samples (20, 21) . These conflicting results indicate that the effect of lipolysis on the dissolution rate of lipidbased formulations depends on a certain drug-related parameters. In our opinion, the drug core/shell location might play an important role on the effect of drug release during digestion. For the drug located in the core, it should have to pass through the whole surfactant layer into the aqueous solution, and the consumption of oil phase would lead the drug to incorporate into the intermediate phase. For the drug located in the shell, it just needs to diffuse through the polar group layer, which might not be influenced by the digestion. However, the effect of lipolysis on the release of drug with different core/shell location has not been fully demonstrated.
The purpose of this work is to investigate the influence of lipolysis on the release of poorly water-soluble drugs from SMEDDS considering the effect of drug core/shell location. Firstly, four SMEDDS formulations containing medium-chain lipid or long-chain lipid with different surfactant/oil ratios were developed, and they formed microemulsions with different core/shell properties on dilution. Then, poorly watersoluble drugs, hymecromone and resveratrol, were selected as models of nonlipophilic drugs and lipophilic drugs. Fluorescence spectra analysis demonstrated that hymecromone was located in the hydrophilic shell of microemulsions while resveratrol was located in the hydrophobic core. At last, the effect of lipolysis on the release of drug from SMEDDS formulations was studied by a modified in vitro drug release model.
MATERIALS AND METHODS

Materials
Medium-chain triglyceride (MCT) was provided by Qiandao fine chemical industry Co., Ltd. (Hangzhou, China). Cremophor RH40 was purchased from Puruixing Fine Chemicals Co., Ltd. (Shenyang, China). Ethyl oleate and hymecromone (4-methylumbelliferone, 97%) were obtained from Aladdin Chemistry Co., Ltd. (Shanghai, China). 1, 2-Propanediol and castor oil were purchased from Damao Chemical Reagent Factory (Tianjin, China). Maleic acid and Tween 80 were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Taurocholic acid sodium salt (NaTC) was purchased from Bio Basic Inc. (Markham, Ontario, Canada). Lecithin (PC) was purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Tris-(hydroxymethyl)-aminomethane (Tris) and porcine pancreatin (8×USP specifications activity) were from Sigma Chemical Co. (St. Louis, MO, USA). 4-Bromophenylboronic acid (4-BPB) was purchased from Alfa Aesar (Tianjin, China). Resveratrol (98%) was obtained from Nuote Biological Technology Co., Ltd. (Shanghai, China). Methanol was HPLC grade and supplied from J&K Chemical Ltd. (Shanghai, China).
Preparation of SMEDDS
Medium-chain lipid and long-chain lipid based SMEDDS formulations were prepared with various ratios of oil, surfactant, and co-surfactant (Table I) . Medium-chain lipid (MCT) or long-chain lipid (ethyl oleate and castor oil) was selected as the oil phase. Cremophor RH40 and 1, 2-propanediol were selected as surfactant and co-surfactant with the ratio of 2:1. Briefly, oil, surfactant, and co-surfactant were accurately weighed into glass vials according to their ratios. Poorly water-soluble drug (hymecromone or resveratrol) was added to the mixture. Then, the mixture was stirred overnight. All SMEDDS formulations were freshly prepared for each measurement.
Determination of Particle Size and Zeta Potential
One gram of SMEDDS (containing 5 mg drugs or not) was diluted with 100 mL of deionized water, and then mixed thoroughly by stirring for 30 min on a magnetic stirrer. The particle size and zeta potential of the formed microemulsions were determined by dynamic light scattering (DLS) and laser Doppler velocimetry (LDV) using a Zetasizer Nano ZS 90 (Malvern Instruments Corp, Malvern, UK). All the DLS measurements were performed at 25°C and at a scattering angle 90°. The zeta potential values were calculated using the Smoluchowski equation which was automatic integrated with the instrument. For each group, three parallel samples were measured.
Solubility Study
Excess amounts of hymecromone or resveratrol were added into a test tube containing 1 mL of oil, surfactant, cosurfactant, SMEDDS, or microemulsions under different dilutions. After sealing, the mixtures were shaken in a shaking incubator (HZQ-F, Harbin Donglian Electronic Technology Development Co., LTD., Harbin, China) at 37°C, 150 rpm for 72 h. Then, each test tube was centrifuged at 10,000 rpm for 30 min to remove the excess drug. The concentration of hymecromone or resveratrol in the supernatant was measured by HPLC after appropriate dilution with methanol.
Determination of Drug Core/Shell Location
The drug location in microemulsions was determined by fluorescence spectra analysis. The fluorescence spectra were measured on a PerkinElmer LS 55 luminescence spectrometer (Beaconsfield, UK). Hymecromone or resveratrol was dissolved in phosphate buffer solution (PBS; pH 7.0), MCT, micelles, and microemulsions, respectively, with the final concentration of 5 μM. The micelles were obtained by a 20-fold dilution from the mixture of surfactant/co-surfactant (S mix ) and the microemulsions were prepared by a 20-fold dilution from SMEDDS. The excitation and emission spectrum of both compounds were recorded. Their maximum excitation wavelengths (λ ex ) were 320 nm. The emission spectra were collected from 350 to 550 nm. The emission and excitation slits were both set at 2.5 nm for resveratrol and 10 nm for hymecromone with emission filter of 1% T attenuator.
In Vitro Lipolysis Study
In vitro lipolysis experiments were conducted using an in vitro lipid digestion model with a pH-Stat automatic titration unit (848 Titrino plus, Metrohm AG, Herisau, Switzerland) (22, 23) . The lipolysis of SMEDDS and oil solution (MCT, ethyl oleate, and castor oil) were determined in separate experiments. For each experiment, 1 g of SMEDDS (or 0.4 g of oil solution) was added into a thermostated reaction vessel and dispersed in 18 mL of digestion buffer (50 mM Trizma maleate, 150 mM NaCl, 5 mM CaCl 2 ·2H 2 O, pH 7.5) containing 5 mM NaTC and 1.25 mM PC. The pH was then adjusted to 7.5 with 0.1 M NaOH. The digestion experiments were initiated by the addition of 1 mL of pancreatin extract and the mixture was kept at 37°C with continuously stirring. The pH-Stat automatic titration unit was used to maintain the pH at 7.50±0.05 by titrating with 0.1 M NaOH. The titrant volumes were recorded at predetermined times. The percentage of lipid digested was calculated from the amount of free fatty acids (FFA), which was equal to the amount of consumed NaOH:
where Digestion (%) is the percentage of lipid digested, n FFA is the number of moles of the generated free fatty acids, M lipid is the molecular weight of the lipid, m lipid is the total mass of the lipid, C NaOH is the concentration of NaOH used for titration, and V NaOH is the titrant volumes of NaOH. Pancreatin extract was prepared by adding 1 g of porcine pancreatin (containing pancreatic lipase and co-lipase) to 5 mL of digestion buffer. The mixture was stirred for 15 min followed by centrifugation at 1,600×g and 5°C for 15 min. The supernatant was collected and stored on ice. Pancreatin extracts were freshly prepared for each experiment.
In Vitro Release Study
The in vitro release studies were carried out by a modified dialysis method using a dissolution apparatus (RC806, Tianda Tianfa technology Co., Ltd., Tianjin, China) (6, 12, 13, 24) . Briefly, 200 mL of release medium (50 mM PBS containing 0.5% tween 80 (w/v), pH 7.5) was added into the dissolution bath and preheated to 37°C. One gram of SMEDDS (including 5 mg of hymecromone or resveratrol) was placed in a dialysis bag (MWCO 7000, MYM Biological Technology Co., Ltd., Beijing, China) containing 8 mL of PBS. Then 1 mL of pancreatin extract (or 1 mL of PBS as control) was added into the dialysis bag to begin the lipolysis. At last, the dialysis bag was immersed in the release medium and continuously stirred at a paddle speed of 100 rpm. One milliliter of release sample was withdrawn at predetermined time intervals and an aliquot amount of release medium was replaced. The drug concentration of samples was determined by HPLC after appropriate dilution with methanol. Each measurement was taken in triplicate.
HPLC Analysis
The concentration of hymecromone and resveratrol in all samples were determined by HPLC. The HPLC system was equipped with a Waters e2695 separation module, a Waters 2998 photodiode array detector and Empower Pro software (Waters Corporation, Milford, USA). The analysis was carried out on a SinoChrom ODS-BP column (4.6×250 mm, 5 μm, Dalian Elite Analytical Instruments, Dalian, China). The mixtures of methanol-water with the ratio of 50:50 and 60:40 were used as mobile phase for hymecromone and resveratrol, respectively. For both compounds, the flow rate was kept at 0.8 mL/min and the injection volume was 20 μL. The UV detector was set at 320 nm for hymecromone and 308 nm for resveratrol.
Statistical Analysis
All values were expressed as the mean ± standard deviation (SD). The statistical differences were determined by Student's t test and differences were considered as significant at p < 0.05. All statistical analyses were carried out using SigmaStat for Windows Version 3.5 (Systat Software. Inc., Chicago, IL, USA).
RESULTS AND DISCUSSION
Characterization of SMEDDS
The particle size, polydispersity index (PDI), and zeta potential are important characteristics closely related to the core/shell properties of microemulsions. In this study, four SMEDDS formulations that could form microemulsions with different core/shell properties were prepared based on longchain lipid or medium-chain lipid as well as different surfactant/oil ratios. As shown in Table I , Cremophor RH40 and 1, 2-propanediol were selected as surfactant and co-surfactant with the ratio of 2:1. Medium-chain lipid (MCT) and long-chain lipid (ethyl oleate and castor oil) were selected as the oil phase. The SMEDDS formulations were viscous, homogeneous, and stable, and they were transformed into sky blue opalescent microemulsions on adequate dilution. Table II shows the mean particle size, polydispersity index (PDI), and zeta potential of the formed microemulsions after 100-fold dilution with deionized water. Both SME-1 and SME-2 contained MCT as the oil phase, and they formed blank microemulsions with the average particle sizes of 153.5 ± 4.6 and 66.7 ± 1.2 nm, respectively. The relative smaller particle sizes and polydispersity index of SME-2 microemulsions were mainly caused by higher surfactant/co-surfactant (S mix ) content, which could reduce the interfacial tension. SME-3 and SME-4 selected longchain lipids as the oil phase with the same surfactant/oil ratio of SME-2. The particle size of SME-3 microemulsions was 63.5±0.5 nm, similar to SME-2 microemulsions, while the particle size of SME-4 microemulsions was as large as 205.8±10.8 nm. The larger droplet size and higher PDI of SME-4 formulation might be caused by the fact that castor oil had a larger molecular volume and higher viscosity than MCT and ethyl oleate (25) . All formulations have slightly negative zeta potentials (between −5 and −10 mV). Apart from the blank microemulsion, we studied the effect of drug incorporation into microemulsions on the properties of the formulations. The results showed that the particle sizes, PDI, and zeta potentials of drugloaded microemulsions were much similar to the blank microemulsions.
Solubilizing Capability Study
SMEDDS or microemulsions could significantly improve the solubility of poorly water-soluble drugs, especially for lipophilic drugs. To demonstrate the solubilizing capability of the SMEDDS on both nonlipophilic drugs and lipophilic drugs, hymecromone and resveratrol were selected as poorly water-soluble model drugs. Hymecromone, a choleretic and antispasmodic drug, is neither a lipophilic nor a hydrophilic compound with a ClogP value of 1.61 (calculated by ChemBioDraw Ultra 11.0, CambridgeSoft). Its oral bioavailability is just 2.5% due to the low solubility (26) . Resveratrol is a naturally occurring polyphenol with various activities, such as anti-oxidant, anti-inflammatory, cardioprotective, and anti-tumor activities. It is a lipophilic compound with the logP of 3.1, belonging to BCS class II (27) . Pharmacokinetic studies indicated that the oral bioavailability of resveratrol is almost zero (28) . Table III shows the solubilities of hymecromone and resveratrol in all SMEDDS formulations and their components. The solubility of hymecromone in water was just 0.125±0.002 mg/g, and it reached 9.66 ± 1.71, 21.31 ± 3.05, 17.96 ± 0.63, and 19.02 ± 1.57 mg/g in the four SMEDDS formulations, respectively. Among all the components, the solubility of hymecromone in the MCT, ethyl oleate, and castor oil was 5.02±0.14, 1.24±0.13, and 4.21±0.14 mg/g, respectively, while it reached to 27.97± 1.83 mg/g in Cremophor RH40 and 24.81±1.38 mg/g in 1, 2-propanediol. The relative higher solubility in surfactant might be due to the formation of hydrogen bonds between oxygen atoms of polyoxyethylene and phenolic hydroxyl of hymecromone. The solubility of resveratrol in water was merely 0.01 mg/ g; however, it reached to 60-85 mg/g in the SMEDDS formulations. Among all the components, the solubilization capability was mainly attributed to the surfactant and co-surfactant. Despite the relative lower solubility in oil phase, resveratrol was still solubilized in castor oil more than 1,000-fold than in water.
In the gastrointestinal tract, SMEDDS is diluted to form microemulsions. The solubility of drug in the diluted microemulsions (S microemulsion ) is a crucial factor affecting the drug release rate; hence, the impact of dilution factor on the drug solubilizing capability of microemulsions was investigated (Table IV) . Take SME-2 formulation as an example, the solubility of hymecromone deceased from 21.31±3.05 mg/g to 0.41±0.04, 0.37±0.05, and 0.131±0.004 mg/g, after it was diluted by 10, 20, and 100 times, respectively. Similarly, the solubility of resveratrol decreased from 79.54±7.03 mg/g to 3.37±0.15, 2.95±0.34, and 0.30±0.09 mg/g with the same treatment. The decreased solubilizing capability of microemulsions was mainly caused by the incorporation of co-surfactant into water, as the relationship between co-surfactant concentration and drug solubility is near to logarithmic (29) .
Determination of Drug Core/Shell Location in Microemulsions
The drug core/shell location in microemulsions is related to both drug release rate and lipolysis rate (30, 31) . It is mainly determined by the solubilization capability of each component as well as the interaction between drugs and the components (32, 33) . The methods to identify the drug core/shell location in microemulsions include fluorescence and NMR spectroscopy methods (34) (35) (36) (37) . Fluorescence spectroscopy was applied in this study, based on the fact that the fluorescence spectrum of hydrophobic probe was influenced by the polarity of microenvironment. Figure 1a shows the fluorescence spectra of hymecromone in the phosphate buffer solution, oil phase, micelles, and microemulsions. The fluorescence emission maximum (λ em ) of hymecromone was 450 nm in the phosphate buffer solution (the polar microenvironment), while it blue-shifted to 380 nm in the MCT solution (the nonpolar microemulsion). Moreover, the fluorescence intensity of hymecromone in MCT was lower than that in PBS solution. The blue-shift of fluorescence spectra and the decrease of fluorescence intensity were mainly caused by the effect of solvent polarity. For the fluorescence spectra of hymecromone in micelles and microemulsions, two emission bands were found at 450 and 380 nm. This indicated that hymecromone was distributed in both polar (450 nm) and nonpolar (380 nm) microenvironments. The distribution coefficient of drug in the polar/nonpolar microenvironment of microemulsions could not be concluded by the fluorescence spectra, however, the major peak centered at 450 nm. This indicated that more hymecromone was distributed in the polar microenvironment, which included the water phase and the hydrophilic group of surfactant. While considering its poor solubility in water, hymecromone was mainly located in the hydrophilic group of surfactant (the shell of microemulsions). The location of hymecromone might be attributed to the hydrogen bonds interaction between drug and surfactant.
In Fig. 1b , the maximum emission wavelength of resveratrol was 403 nm in the aqueous solution, while it was 380 nm in oil, micelles, and microemulsions. The nonpolarity of solvent resulted in the blue shift of emission spectrum. The fluorescent spectrum of resveratrol in microemulsions was more similar to that in nonpolar solvent other than in water, suggesting that resveratrol is protected from water. Hence, it was concluded that resveratrol was located in the core of microemulsions, which included the hydrophobic palisade layer and the oil phase. The location of resveratrol was mainly caused by its high lipophilicity, which was attributed to the hydrophobic force between resveratrol and the hydrophobic chain.
In Vitro Lipolysis Kinetics of SMEDDS with Different Core/Shell Properties
In the gastrointestinal tract, the digestion of oil droplets could be described as follows: firstly, pancreatic lipase is adsorbed to the oil-water interface of oil droplets in the presence of co-lipase, and hydrolyzes 1 mole of triglyceride into 2 moles of fatty acids and 1 mole of 2-monoglycerides. Then, the generated lipolytic products are distributed at the interface inhibiting further digestion by avoiding lipase contacting the oil phase. Finally, the lipolytic products are removed in the form of mixed micelles, vesicles, lamellar, and hexagonal liquid crystalline phases (16, 38, 39) . During the process of digestion, the rate of lipolysis is controlled by factors such as the droplet size, the carbon chain length of lipid, the ratio of surfactant/oil, and the concentration of calcium ion (16, 40) . In this section, an in vitro lipolysis model was applied to determine the lipolysis rate of SMEDDS with different core/shell properties. The percentages of digested lipids were Fig. 1 . The fluorescence spectra of hymecromone (a) and resveratrol (b) in water, oil phase, SME-2 microemulsions and micelles calculated according to equation (1) . For the digestible component of SMEDDS, the lipolysis profiles of MCT, ethyl oleate, and castor oil were firstly compared (Fig. 2a) . MCT was completely hydrolyzed during 1 h of digestion, while the percentages of digested ethyl oleate and castor oil were just 13.8% and 23.5%, respectively. The results are in good agreement with previous reports where the rate and extent of digestion of medium-chain lipids were greater than for the long-chain lipids (23, 41, 42) . Among the lipolytic products of three oil phases (caprylic/capric acids, oleic acids, and ricinoleic acids), the medium-chain caprylic/capric acids were more apt to be ionized than long-chain oleic acids and ricinoleic acids at physiological pH (23, 40) . Therefore, the medium-chain acids were more soluble in the aqueous phase and more prone to form calcium soaps, which means that the clearance rates of mediumchain lipid products from the o/w interface were more rapid. Accordingly, the relative rapid dissociation of medium-chain lipolytic products from the interface lead to the higher extent of digestion of MCT than long-chain ethyl oleate and castor oil.
For SMEDDS formulations (seen Fig. 2b) , the rate of lipolysis followed the order of SME-1 >SME-2 > SME-3 ≈ SME-4. The lipid component (MCT) of SME-1 and SME-2 was digested nearly 100% and 40%, respectively. In spite of the formation of finer microemulsions from SME-2, the digestion rate of SME-2 was much lower than for SME-1. This situation could be accounted for the higher surfactant/oil ratio. Because the polyoxyethylene chain of nonionic surfactant, e.g., Tween 80, Cremophor EL, or Cremophor RH40, could prevent the adsorption of the pancreatic lipase/co-lipase complex to the oil surface, once it reached to a critical thickness at the interface (39, 43) . The percentages of digested SME-3 and SME-4 were both less than 10%, which were also lower than the corresponding oil phases. The low digestion rate of the long-chain lipid formulation made it more stable in the gastrointestinal tract and the bioavailability was higher than for the medium-and short-chain lipid formulations (38, 39, 41) .
Effect of Lipolysis on Drug Release from SMEDDS with Different Core/Shell Drug Locations
SMEDDS and microemulsions could significantly improve the dissolution rate of poorly water-soluble drugs and hence improved their bioavailabilities. However, the correlation between in vitro dissolution rate and in vivo bioavailability is poor in many cases. One probable reason is that the in vivo release differs from the in vitro release, as the SMEDDS and microemulsions would be digested in the gastrointestinal tract. In order to investigate the effect of lipolysis on the release of drug from SMEDDS, a modified in vitro drug release model was established by combining the dialysis method with in vitro lipolysis method. Specifically, two factors were taken into consideration: (1) the degree of lipolysis and (2) the drug core/shell location. To overcome the inconvenience of continual titration of NaOH, phosphate buffer solution was selected. Dialysis bag with MWCO 7000 was used to separate drugs from microemulsions and their lipolytic products. Tween 80 (0.5%, w/v) was added to the release medium to maintain the sink conditions.
In vitro release profiles of hymecromone from four SMEDDS formulations are shown in Fig. 3 . For the no enzyme groups, the percentage of hymecromone released into the release medium was about 50-60% in 6 h and no initial burst release was observed among the four formulations. Despite the different particle sizes of the formed microemulsions, the amounts of dissolved hymecromone from four formulations showed no significant difference. For the enzyme groups, the cumulative release profiles of hymecromone were similar to the groups without enzyme and no significant difference was observed. This indicated that the lipolysis did not affect the release of hymecromone at all regardless of the degree of digestion. During the period of lipolysis, the pH of the release medium ranged from 7.5 to 7.1; hence, the activity of lipase was considered not to be influenced by the slight change of pH. Figure 4 shows the release curves of resveratrol from four SMEDDS formulations with or without the presence of pancreatic lipase. The release kinetic was nearly zero-order with a linear relationship between the dissolution time and the amount of released resveratrol. For the no enzyme groups, the cumulative percentages of released resveratrol in 6 h was .71%, respectively. As the hydrophilic shell was a main barrier of restricting the diffusion of drugs in the core, the dissolution rate of resveratrol from SME-1 was significantly higher than the other formulations due to the lower surfactant/oil ratio. At the same surfactant/oil ratio, SME 2-4 formulations showed no significant difference despite the difference in particle sizes and the type of oil phase used. Hence, the surfactant/oil ratio was a more important factor affecting drug release than particle size and carbon chain length of lipid. For the enzyme groups, the dissolution rate of resveratrol was increased to a certain extent, depending on the degree of lipolysis. For more digestible SME-1 and SME-2, the dissolution rate of resveratrol was significant increased compared with no enzyme groups. Furthermore, a statistically significantly difference was found even after 10 min' digestion, where the percentage of lipolysis was about 20%. For longchain lipid-based SME-3 and SME-4, no obvious difference was found in the release profiles of resveratrol between the enzyme groups and no enzyme groups. But, in fact, a slight increase of dissolution rate was observed after 2 h digestion in SME-3, while no promotion effect was observed for SME-4 during the whole process. At the end of digestion, the samples were collected and centrifuged to determine the concentration of resveratrol in the supernatant. The amount of resveratrol in the supernatant and the release medium was equal to the total amount in SMEDDS before digestion (data not shown), indicating that no precipitation occurred.
Confirming the effect of lipolysis on drug release is essential for understanding the fate of drug in the gastrointestinal tract and predicting the in vitro-in vivo correlation. Some researchers applied ultracentrifugation method to separate the lipolytic products into four phases to study the drug distribution during lipolysis: a pellet, an aqueous phase, an inter phase, and an oil phase (20, 22, 44) . They found that there was a positive correlation between the drug content in aqueous phase and in vivo AUC values. Meanwhile, the drug precipitation presented in the pellet phase could reduce the bioavailability (20, 41, 45) . Some reports compared the drug contents in the aqueous phase of digested with undigested samples, and they found that the poorly water-soluble drugs showed various performances under digestion: the drug content might be improved (e.g., LU 28-179 and probucol), decreased (flupentixol), or unchanged (danazol) compared with the undigested samples (20, 21, 46) . These conflicting results indicate that the effect of lipolysis on the drug dissolution rate from lipid-based formulations was depended on a certain drug-related parameters. In this study, we think the drug core/shell location might be one crucial factor, which influences the drug release rate under digestion. Fig. 3 . Release profiles of hymecromone from SMEDDS formulations with or without addition of lipase. a SME-1, b SME-2, c SME-3, and d SME-4. Data are expressed as the mean ± SD (n=3)
As shown in Fig. 5 , resveratrol was mainly located in the hydrophobic core of microemulsions, while hymecromone was located in the hydrophilic shell. For the microemulsions containing resveratrol (Fig. 5a ), the hydrolysis of oil phase could change the microenvironment of the core, which would inevitably "force" resveratrol to release out of the microemulsions.
During the process of drug migration from the core to the aqueous phase, resveratrol has to pass through the whole surfactant layer, which is an important barrier of controlling drug release. The generation and removal of the lipolytic products could also alter the arrangement of the surfactant layer at the interface and hence promote the release of Fig. 4 . Release profiles of resveratrol from SMEDDS formulations with or without addition of lipase. a SME-1, b SME-2, c SME-3, and d SME-4. Data are expressed as the mean ± SD (n=3). *p<0.05 resveratrol. In addition, the formed micelles, vesicles, lamellar, and hexagonal liquid crystalline phases had lower solubilities compared with microemulsions because the generated fatty acids and monoglycerides had a decreased solubilization capacity. All the changes above were contributing to the acceleration of the drug release that located in the core; moreover, the increase was related to the degree of digestion. Contrary to the promotion effect on the release of resveratrol, lipolysis did not alter the dissolution rate of hymecromone, even though the lipids had been completely consumed (Fig. 5b) . As mainly located in the shell of microemulsions, the release of hymecromone was determined by polyoxyethylene chains of Cremophor RH 40 and co-surfactant. The digestion of oil phase could not change the microenvironment of the hydrophilic shell. Even though the formation of the intermediate phases could alter the interfacial surface area for diffusion, no significant influence on the dissolution rate of hymecromone was found. This might be due to the effect of the interfacial surface area which was negligible compared with other factors such as the solubility and the partition coefficient. Hence, the core/shell location of the drug plays an important role on affecting in vitro-in vivo correlation. The in vivo dissolution rate might be similar to the in vitro dissolution rate of drugs located in the hydrophilic shell while it varied significantly for drugs located in the hydrophobic core. Moreover, in spite of acceleration effect of lipolysis on the release of resveratrol, the exact relationship between the extent of digestion and the amount of drug released is still not clear. Factors, such as solubility, partition coefficient, and the forming of other colloids, need to be further studied to demonstrate the relationship between lipolysis and drug release.
CONCLUSION
In the present work, four SMEDDS formulations with various core/shell properties were developed based on longchain lipid or medium-chain lipid as well as different surfactant/oil ratios. In vitro digestion study showed that the carbon chain length of lipid and surfactant/oil ratio were crucial factors affecting the lipolysis rate of SMEDDS. The poorly water-soluble drug hymecromone was located in the hydrophilic shell of diluted microemulsions due to the formation of hydrogen bonds. However, lipophilic resveratrol was distributed in the hydrophobic core of microemulsions. In vitro release study demonstrated that the effect of lipolysis on drug release from SMEDDS was highly associated not only to the properties of formulation but also the drug core/shell location. For the drug located in the shell of microemulsions, the release profiles of hymecromone were not affected at all during the lipolysis process, regardless of the properties of the formulation or the extent of digestion. For the drug located in the core of microemulsions, the dissolution release rates of resveratrol were increased to various degrees depending on the extent of digestion.
